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Spontaneous symmetry breaking is an important concept for understanding physics
ranging from the elementary particles to states of matter. For example, the superconduct-
ing state breaks global gauge symmetry, and unconventional superconductors can break
additional symmetries. In particular, spin rotational symmetry is expected to be bro-
ken in spin-triplet superconductors. However, experimental evidence for such symmetry
breaking has not been conclusively obtained so far in any candidate compounds. Here, by
77Se nuclear magnetic resonance measurements, we show that spin rotation symmetry is
spontaneously broken in the hexagonal plane of the electron-doped topological insulator
Cu0.3Bi2Se3 below the superconducting transition temperature Tc=3.4 K. Our results not
only establish spin-triplet superconductivity in this compound, but may also serve to lay a
foundation for the research of topological superconductivity.
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In most superconductors including copper-oxide and iron-pnictide high temperature super-
conductors, the electron pairs (Cooper pairs) are in the spin singlet state with total spin S=0
[1, 2]. Spin-triplet superconductivity or fluidity with S=1 possesses internal structure, which
gives rise to rich physics such as additional symmetry breaking, order parameter collective
modes, and multiple phases of the condensate. This is best illustrated by superfluid 3He, where
chargeless 3He atoms form spin-triplet pairs (Ref. [3, 4]). One of the important properties as-
sociated with spin-triplet condensates is spin-rotational symmetry breaking. In superfluid 3He,
however, since there is no interaction to dictate the paired spins to point to a particular direc-
tion, the system preserves spin rotation symmetry. In superconductors such as UPt3 (Ref.[5])
or Sr2RuO4 (Refs. [6]), it has been believed that the Cooper pairs are in the spin-triplet state.
Therefore, evidence for possible spin-rotation symmetry breaking had been actively searched
for, since in solids the spin pairs can favor a particular direction of the underlying lattice. Un-
fortunately, all such efforts have not been very successful [7, 8], which has been interpreted as
due to a weak spin-orbit coupling acting on the Cooper pairs [9]. This greatly hindered a firm
establishment of the physics of spin-triplet superconductivity in these compounds [5, 10].
Topological insulators (TIs) are a new class of quantum materials with strong spin-orbit
coupling (SOC) and are characterized by topological invariants of the valence band [12, 11,
13]. Bi2Se3 is one of the best studied TIs [14, 15], and most interestingly, Cu intercalation
between the quintuple layers (see Fig. 1) induces superconductivity below a maximum Tc=3.8
K (Ref. [16]). It was proposed that an odd-parity, pseudo-spin triplet state can be realized
there [18, 19, 20]. Therefore, identifying the pairing state in CuxBi2Se3 can not only enrich the
physics of spin-triplet superconductivity, but also will lead to an establishment of a new frontier,
topological superconductivity, since odd parity has a nontrivial topology [18, 11].
However, the experimental results on CuxBi2Se3 from surface-sensitive probes have been
rather controversial [21, 22, 23]. Point contact spectroscopy found a zero-bias conductance
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peak, which hints at an unconventional superconducting state [21]. On the other hand, Scan-
ning Tunneling Microscope measurement has found a U-shaped conductance spectrum which
suggests a conventional gap [22]. Although it has been proposed that such seemingly contra-
dicting results may stem from different doping level of the samples that give rise to different
shape of Fermi surface, and might be reconciled by considering the Dirac fermion states on the
surface [24], bulk-sensitive and microscopic measurements are desired to resolve the issues.
We performed 77Se nuclear magnetic resonance (NMR) measurements on Cu0.3Bi2Se3 (Tc
= 3.4 K) to identify the pairing symmetry in the bulk of CuxBi2Se3, since the Knight shift in the
superconducting state, which is proportional to the spin susceptibility through hyperfine cou-
pling, is a good probe for the spin orientation of the Cooper pairs. Figure 1 shows typical 77Se
NMR spectra for H ‖ a-axis in the hexagonal notation ([11¯00] direction in the rhombohedral
notation) and H ‖ θ = 60◦ (rhombohedral [01¯10] direction), where θ is the angle measured
from one of the a-axes in the hexagonal plane; our sample was rectangularly cut to have one of
three equivalent a-axes along the longer edge, which we define to be θ = 0◦. Although there are
two Se sites in the unit cell, the NMR transition line from them are not resolved, due to small
hyperfine coupling between the nuclear spin and electrons, and due to the fact that 77Se with
nuclear spin of 1/2 has no nuclear quadrupole moment which is commonly used to probe differ-
ent environment through couping to the electric field gradient. The full width at half maximum
of the spectrum is about 10 kHz, which is much smaller than the bandwidth of the excitation
RF field of ∼80 kHz [25]. Focusing on the change across Tc, one can see in Fig. 1 a clear shift
of the spectrum below Tc for H ‖ θ = 60◦, while the spectrum changes only a little below Tc for
H ‖ a-axis. It is emphasized that the spectrum shift of H ‖ θ = 60◦ is uniform, which assures
that there are no non-superconducting fraction that contributes to the observed spectrum [25].
Figure 2 shows a typical data set of the Knight shift K tensor as a function of T for H along
the a-axis and with θ = 60◦, as well as along the c-axis. The horizontal arrows in Fig. 2 indicate
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the position of the shift for insulating Bi2Se3 [25], which we denote as K0 for convenience. As
seen in Fig. 2, a reduction of K (H ⊥ c) is seen below Tc(H) with a strong in-plane anisotropy
(for more data, see [25]).
The key result of this work is shown in Fig. 3 which displays the in-plane magnetic-field
angle dependence of the Knight shift reduction. The vertical axis is ∆Ks/Ks, where ∆Ks=
K(T=3 K) - K (T=1.4 K), and Ks = K(T=3 K)-K0 which is due to (pseudo)spin associated
with Cu-intercalation. Two sharp dips separated by 180◦ are observed, and they are located at
θ=60◦ and θ=-120◦, which obviously breaks the three-fold rotation symmetry of the crystal. It
should be emphasized that, in the normal state above Tc, Kcs ∼ Kas and the shift is completely
θ-independent. Also, the doped Cu is randomly distributed as evidenced by the symmetric
63Cu-NMR lineshape [25], which indicates that Cu cannot play a role in causing the anisotropy
below Tc. Therefore, we conclude that the spin rotation symmetry is broken in the hexagonal
plane in the superconducting state of Cu0.3Bi2Se3. This is the first clear observation for such
spontaneous symmetry breaking in a superconductor.
The broken spin rotation symmetry in the hexagonal plane and the invariance of Kc below
Tc indicate that the Cooper pairs are in the pseudo-spin triplet state in CuxBi2Se3. For a spin-
triplet state, the gap is customarily described in terms of a three-component complex vector
~d(~k)=( dx(~k), dy(~k), dz(~k)) to include the spin part of the wave function [26, 6]. Usually, ~d(~k)
is defined as follows so that it will transform as a vector in spin space.
∆(~k) =
(
∆↑↑ ∆↑↓
∆↓↑ ∆↓↓
)
=
(
−dx + idy dz
dz dx + idy
)
(1)
For the case where ~d(~k)× ~d∗(~k)=0 (which is called the unitary state) as is realized in the A
or B phase of superfluid 3He [3, 4], the magnitude of the ~d(~k)-vector is simply the size of the
superconducting gap, and the direction of the ~d(~k)-vector is perpendicular to the spin direction
of the Cooper pairs. For ~H ‖ ~d(~k)-vector, the spin susceptibility will decrease below Tc as
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in a spin-singlet superconductor, while for ~H ⊥ ~d(~k)-vector, the spin susceptibility will stay
unchanged across Tc. Thus, in terms of the standard terminology, the ~d(~k)-vector in CuxBi2Se3
is pinned to a particular direction in the crystal (perpendicular to one of the mirror planes).
The mechanism of the ~d(~k)-vector pinning to a particular direction (θ = 60◦) in the three-fold-
symmetric plane is unclear at the moment and merits future investigation. In passing, we note
that an axis preference in the hexagonal plane was also reported in the critical current of UPt3
below Tc (Ref. [27]). Also, the 195Pt Knight shift shows a tiny reduction (less than 1% of the
total shift) below Tc along the b-axis ([11¯00]) and also along the c-axis, but no change was found
along the a-axis ([112¯0]) [7].
The inter-orbital pairing theory proposed earlier for CuxBi2Se3 is consistent with our result
[18]. Among the proposed gap functions for which the spin susceptibility has been calculated
[28, 29], the pairing with electron ~k ↑ ( ~k ↓) on orbital 1 and electron−~k ↑ (−~k ↓) on orbital 2 of
the two Se2 layers has the ~d(~k)-vector with a main component in the hexagonal plane [18, 28].
According to the pseudo-spin description where the SOC was incorporated in the Hamiltonian
which was used in the Bogoliubov-de Gennes equation to calculate the spin susceptibility in
the superconducting state [28], the spin susceptibility will only decrease along one particular
direction in the hexagonal plane. In such a direction, whether the spin susceptibility along the
~d(~k)-vector completely goes to zero at the T=0 K limit depends on the strength of the SOC
[28]. In this regards, it is interesting to point out that even for θ=60◦ or -120◦, the disappearance
of Ks is not perfect but only about 80%. This may be a signature of strong SOC of the system
[28, 29]. Intuitively, this can be understood as the SOC contributing to spin-reversal scattering
which makes spin not a good quantum number. This is also the reason why we use the term
”pseudo-spin” throughout this paper.
Since inversion symmetry is preserved in CuxBi2Se3, the pseudo-spin triplet state implies
an odd parity. Therefore, our results not only provide the first clear evidence for spin-rotation
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symmetry breaking in a superconductor, but have a potential impact on establishing topological
superconductivity which has an exciting prospect.
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Figure 1: The NMR spectra of Cu0.3Bi2Se3 with the magnetic field applied in the hexagonal
plane. a-b, the 75Se NMR spectra at T=3.0 K (above Tc(H)) and T=1.4 K (below Tc(H)) for
two representative field configurations. c, The crystal structure of CuxBi2Se3. d, The top view
(bird-eyes view) of the quintuple layer. e, illustration depicting the hexagonal plane of the
crystal and the magnetic-field angle θ.
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Figure 2: Temperature dependence of the Knight shift with the magnetic field in the plane
and along the c-axis. a, the temperature dependence of the Knight shift in the hexagonal plane
with θ=0◦ and 60◦. b, the Knight shift along the c-axis direction. In both cases, the horizontal
arrow indicates the position of the shift for Bi2Se3. Also, a correction of the diamagnetic field
due to the shielding current around a vortex has been performed to account for the magnetic-
field distribution in a sample for small applied fields (see Supplementary Information). The
Knight shift is calculated from the spectrum peak position which was obtained by fitting the
data to a Gaussian function. The error bar represents the statistical error obtained from multiple
spectrum measurements at T=4.2 K. At low temperatures, the signal-to-noise ratio become
better and the real error is smaller than the error bar shown.
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Figure 3: Angle dependence of the Knight shift reduction below Tc. ∆Ks = K(3K) −
K(1.4K), normalized by Ks = K(3K) −K0, is shown as a function of θ, the angle between
the in-plane magnetic-field and the a-axis.
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